The structure and activity of the bifunctional thymidylate synthase-dihydrofolate reductase (TS-DHFR) from the protozoan parasite Leishmania tropica were examined by limited proteolysis with five different endopeptidases. Each reaction resulted in a rapid, time-dependent loss of TS activity and no effect on DHFR activity. The proteolytic products were examined by NaDodSO4/PAGE; each digestion produced a fragment of apparent Mr 35,000, and three of the five digestions generated a fragment of Mr 20,000. Attempts to separate the fragments under nondenaturing conditions failed, suggesting that the proteolyzed protein remains a dimer with the gross structure of the subunits more or less undisturbed. In contrast, kinetic data indicate that some aspects of higherorder structure in the native protein are affected by proteolysis. The fragments (Mr 36,600 and 20,000) generated by Staphylococcus aureas V8 protease were subjected to sequence analysis. Whereas neither the native protein nor the Mr 36,600 fragment yielded an NH2-terminal amino acid, we obtained the sequence of the first 28 amino acids of the Mr 20,000 fragment. This sequence bore strong homology with sequences situated within TS of human, Lactobacillus casei, Escherichia coli, and bacteriophage T4. These and other data indicate that the TS-DHFR polypeotide consists of a DHFR sequence at the blocked NH2-terminal and a TS sequence at the COOHterminal end of the protein. The region that is the target of the five proteases corresponds to a highly variable region within the sequences of the other four TSs. We suggest that an insertion occurs within the TS-DHFR sequence, positioned on the surface of the protein and quite vulnerable to the action of endopeptidases.
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Thymidylate synthase (5,10-methylenetetrahydrofolate: dUMP C-methyltransferase, EC 2.1.1.45) and dihydrofolate reductase (5, 6, 7, 8 -tetrahydrofolate:NADP' oxidoreductase, EC 1.5.1.3) catalyze consecutive reactions in the de novo synthesis of dTMP. In sources as varied as bacteriophage, bacteria, and vertebrates, these two enzymes exist as distinct and readily separable enzymes (for reviews, see refs. 1 and 2). In contrast, a bifunctional protein, thymidylate synthasedihydrofolate reductase (TS-DHFR), has been identified in a number of genera of protozoa which span a diverse group of the subkingdom (3, 4) . This protein ranges in molecular weight from about 110,000 to 140,000, with subunits of molecular weight 55,000-65,000. As has been noted (3) (4) (5) , the subunit size of the protozoan TS-DHFR is close to the sum of the subunit size of TS (Mr 35,000) and DHFR (Mr 20, 000) found in most other sources, suggesting that the gene encoding TS-DHFR may have resulted from the fusion of independent TS and DHFR genes. TS-DHFR from a methotrexate-resistant cell line of the protozoan parasite Leishmania tropica has been purified to homogeneity and found to be a dimer of apparently identical subunits of Mr 56,000 (5). To date, there has been no direct evidence for either homology or lack of homology between L. tropica TS-DHFR and the two individual enzymes from any nonprotozoan species.
Limited proteolysis has been used to examine the structure of a number of multifunctional proteins. Results of these studies have led to proposals for the arrangement of the various functions on the polypeptide (6, 7) and have produced evidence that many multifunctional proteins exist as a series of separate, independent domains (each domain reflecting a function) (7) (8) (9) . We undertook the limited proteolysis of L. tropica TS-DHFR in hopes of separating the two activities as proteolytic fragments, the size of each approximating their non-protozoan counterparts (i.e., a TS fragment of Mr 35,000 and a DHFR fragment of Mr 20,000). We report here the results of the limited proteolysis of L. tropica TS-DHFR. We propose an arrangement of the enzymatic activities within the TS-DHFR polypeptide and suggest a structural model of the region that is selectively cleaved by five different endopeptidases.
EXPERIMENTAL PROCEDURES
Enzymes, Antisera, and Activity Measurements. The bifunctional TS-DHFR from 10-propargyl-5,8-dideazafolateresistant L. tropica (selection to be described elsewhere) was purified to homogeneity by methotrexate-Sepharose CL-6B chromatography, as described (5 Gel Electrophoresis. NaDodSO4/PAGE (10-15% polyacrylamide) was performed essentially as described by Laemmli (13) . Nondenaturing PAGE (12.5% polyacrylamide) was performed according to Davis (14) . Proteins were transferred from polyacrylamide gels to nitrocellulose filters (15) and probed with antibody (16); the alkaline phosphatase conjugate was assayed as described (17) . Peptides were isolated from polyacrylamide gels for peptide mapping (18) and for NH2-terminal sequence analysis (19) .
Limited Proteolysis. TS-DHFR (0.1-0.5 mg/ml) in 50 mM Tes, pH 7.4/2 mM dithiothreitol/1 mM EDTA/5% (vol/vol) glycerol was digested with endopeptidase (1:100 ratio, wt/wt) or exopeptidase (5-10:100 ratio) at 25°C. To monitor enzymatic activities, aliquots (2-10 ,ul) were added directly to 1-ml assay solutions. DEAE-Sepharose chromatography was as reported (5) ; the bound, proteolyzed TS-DHFR was eluted with a linear 0-0.2 M KCI gradient. Methotrexate-Sepharose chromatography was as described (5) , except for the following additional washes of the bound, proteolyzed TS-DHFR before elution: 0.1% Triton X-100/10 mM potassium phosphate, pH 7.0, and 0.1% Nonidet P-40/10 mM potassium phosphate, pH 7.0. Enzyme was eluted with 1 mM 7,8-dihydrofolate in 50 mM Tes, pH 7.4/2 mM dithiothreitol/l mM EDTA. Sephadex G-150 (40-120 ,um; 14 x 56 cm column) was equilibrated and analysis was performed with 50 mM Tes, pH 7.4/2 mM dithiothreitol/l mM EDTA/10% (vol/vol) glycerol. In each chromatographic technique, the elution of the proteolyzed TS-DHFR was monitored by DHFR activity assay and by NaDodSO4/PAGE. N112-Terminal Sequence Analysis. Sequential Edman degradation was performed by R. Harkins of Genentech. An Applied Biosystems model 470A vapor-phase sequencer was equipped with a "mini" Conversion Flask and updated with the "novacuum" program. Polybrene (1.5 mg) was used as a carrier in the cup. In addition, the sequencer has been modified for automatic on-line HPLC separation of the phenylthiohydantoin-amino acids as described by Rodriguez et al. (20) . Sequence data were interpreted with the aid ofa Nelson Analytical model 6000 data-acquisition system, which was interfaced with the HPLC detector. The phenylthiohydantoin-amino acids were resolved on a Microsorb C8 column (5-,um particle size, 4.6 mm x 25 cm). The column was operated at 42°C. The mobile phase consisted of 20o (vol/vol) CH3CN in 10 mM sodium phosphate (pH 4.5) (A) and 70%o CH3CN in water (B). The flow rate was 1.5 ml/min and a gradient from 100o A to 100% B was generated over 22 min.
RESULTS
The bifunctional TS-DHFR from L. tropica was subjected to limited proteolysis by use offive different endopeptidases: S. aureus V8 protease, trypsin, a-chymotrypsin, elastase, or S. griseus type XIV protease ( Table 1) . Each of the five proteolytic reactions was monitored for enzymatic activities; in each digest there was a relatively rapid, time-dependent inactivation of TS, which followed apparent first-order kinetics for at least two half-lives (t1l2 < 20 min), and, under the conditions used, no loss ofDHFR activity. Curiously, in each of the five digests, the rate of TS inactivation was approximately twice the rate of proteolysis ( The time course of the V8 protease reaction with TS-DHFR is shown in Fig. 2 . Initially, Mr 37,300 and Mr 20,000 fragments were produced; the larger fragment was further proteolyzed, resulting in a more stable, Mr 36,600 fragment. At longer reaction times, the entire Mr 37,300 fragment was converted to the Mr 36,600 fragment. Densitometric scanning of gels from each time point showed a constant amount of total protein, indicating that the Mr 36,000 and 20,000 fragments were resistant to further proteolysis. After 220 min, -1Mo of the Mr 56,000 subunit remained, illustrating that both subunits of the native protein were cleaved during the reaction.
To further characterize the fragments produced by V8 protease digestion, we attempted to separate the polypeptides under nondenaturing conditions, using four techniques: nondenaturing gel electrophoresis, anion-exchange chromatography (DEAE-Sepharose), DHFR-specific affinity chromatography (methotrexate-Sepharose), and gel-permeation chromatography (Sephadex G-150). With all four approaches, the two fragments (which could be separated by NaDod-S04/PAGE) comigrated or were coeluted and behaved identically to the intact native dimer. were identical to those shown in Fig. 2A, showing 
DISCUSSION
The bifunctional TS-DHFR from L. tropica is a dimer of subunits with identical size (Mr 56,000) and charge (5 (25) .] Second, because attempts to sequence the NH2 terminus of both the native TS-DHFR and the Mr 36,600 fragment generated by V8 protease failed to produce derivatized amino acids and the V8 proteasegenerated Mr 20,000 fragment yielded a free NH2 terminus, we concluded that the Mr 36,600 fragment possesses the blocked NH2 terminus of TS-DHFR and the Mr 20,000 fragment represents the COOH terminus of the protein. Third, when TS-DHFR was digested with either elastase or the S. griseus type XIV protease, only the larger, Mr 35,000 fragments were stable, during which time the DHFR activity was unaffected and the TS activity was completely lost. More extensive proteolysis of the Mr 35,000 fragments showed that these larger fragments were essentially the same. The larger fragments, and therefore the NH2-terminal end of TS-DHFR, possess DHFR. Finally, there is a large degree of homology between the NH2-terminal sequence of the Mr 20,000 fragment and sequences found ==20 kDa from the COOH-terminal end of TS from four sources. Also, only the Mr 20,000 fragments hybridized with an E. coli TS antibody. Therefore, part of TS resides on the Mr 20,000 fragment and, consequently, at the COOH-terminal end of TS-DHFR.
Some of the above data also verify that the two subunits of L. tropica TS-DHFR, which have the same size and charge (5), are indeed identical. Selective proteolysis of nonidentical subunits is unlikely to occur at the same position in each polypeptide, as occurs in the V8 protease reaction. More emphatically, nonidentical subunits are extremely unlikely to have an identical 28 amino acid internal sequence at the same position of the polypeptide. The bifunctional TS-DHFR is found in a wide variety of protozoa. These proteins are dimers of subunits of identical size (3) (4) (5) , and it is likely that the subunits are also identical.
The model presented above of a DHFR sequence followed by a TS sequence, with at least some homology between the L. tropica TS and non-protozoan TS, supports the suggestion that the L. tropica TS-DHFR gene (and most likely the TS-DHFR genes from other protozoa) resulted from the fusion of independent TS and DHFR genes. In E. coli, the genes encoding TS and DHFR map far apart on the chromosome (26, 27) , but recent reports have shown a close arrangement of the two separate genes in Bacillus subtilis (28) and T4 phage (24, 29) . Interestingly, in T4 phage, the codon for the COOH terminus of DHFR overlaps the codon for the NH2 terminus of TS by a single base pair (24, 29) , resulting in the biosynthesis of separate proteins. The introduction of a single nucleotide into this overlap region found in T4 phage could lead to synthesis of a bifunctional TS-DHFR.
Many studies that have used limited proteolysis to study multifunctional proteins have revealed a susceptible hinge region between catalytic or ligand-binding domains (6) (7) (8) (9) . The cleavage of such hinge regions has often allowed the isolation of functionally active domains (9) . Although our data show that TS-DHFR consists of a DHFR sequence followed by a TS sequence, we have been unable to separate distinct enzymatic domains by limited proteolysis. Rather, the data indicate that upon digestion the subunits are initially severed within the TS domain of the protein. 'Tith V8 protease, a second cleavage is subsequently made about 10 residues toward the NH2-terminal end of the protein relative to the first cleavage. Under the conditions used, no other proteolysis by V8 protease was detected. Surprisingly, these cleavages do not disrupt the gross, overall integrity of the subunits. Four different separation techniques under nondenaturing conditions failed to resolve fragments; gelpermeation chromatography, in particular, demonstrated that the proteolyzed subunits do not dissociate. Proteolysis and analysis of proteolytic products in the absence of a reducing agent indicated that neither the fragments nor the subunits were held together by a disulfide bond.
In contrast to this apparent lack of effect on higher-order structure, kinetic data show that proteolysis does disrupt some subunit structure and subunit-subunit interactions. Not only is TS activity rapidly lost upon proteolysis, it is lost approximately twice as fast as the subunit is cleaved, so that when TS activity is completely lost, -50% of the subunits remain uncleaved. One reasonable explanation is that proteolysis of one subunit causes perturbations within that subunit and also between subunits, inactivating TS in both; hence, the 2-fold difference in rates. Curiously, the disturbance of quaternary structure does not affect the ability of TS to bind its stoichiometric inhibitor FdUMP in the presence of cofactor; that is, TS loses this ability at the same rate as V8 protease cleaves TS-DHFR and at about one-half the rate of TS inactivation. A second possible effect of proteolysis on quaternary structure is the increase of methotrexate bound after digestion. Previously, we showed that only one mole of the DHFR inhibitor methotrexate is bound per mole of TS-DHFR dimer (5) . As shown here, the amount of methotrexate bound per mole of TS-DHFR dimer increased 2-fold after proteolysis by trypsin. Proteolysis appears to disrupt the negative cooperativity observed between subunits in the intact dimer and to free a second methotrexate-binding site.
A large degree of homology exists among the complete primary structures of TS from human (21), E. coli (22) , L. casei (23) , and T4 phage (24); 45-60o homology is found when any two sequences are compared. The 28 amino acid internal sequence of TS-DHFR aligns with internal sequences found at approximately the same position in the four TS sequences. The first 12 positions of these five sequences show striking homology; 7 of the 12 positions are identical and only 1 position shows even moderate variability. The TS-DHFR sequence shows the highest degree of homology when compared with human TS: 11 of the first 12 positions are identical, 17 of the total 28 positions are identical, and, where differences occur, only a few are significant. When the last 16 positions ofthe 28 amino acid sequence are compared, the L. tropica sequence only shows homology with human TS. Both sequences appear to possess insertions in this region relative to the sequences of the three prokaryotic synthases. The human TS sequence possesses two consecutive glutamate residues just prior to the sequence that aligns with the internal 28 amino acid sequence of TS-DHFR; the specificity of V8 protease (which generated the M, 20,000 fragment) is for peptide bonds involving acidic amino acids. Therefore, it is likely that the L. tropica sequence also shows a glutamate at this position.
Insertions of polypeptide are found within the TS primary structures when the four sequences are compared. One of the most striking examples is found relative to the E. coli sequence. A 51 amino acid insertion between amino acids 87 and 88 of E. coli occurs within the L. casei TS (20) . A 13 amino acid insertion is found at the same point within the human TS sequence. Finally, a 9 amino acid insertion is found within the T4 phage sequence. The NH2 terminus ofthe Mr 20,000 fragment generated by the V8 protease coincides with position 88 of the E. coli TS and precisely with the COOH-terminal end of the insertions found in L. casei, human, and T4 phage TS. In addition, the molecular weight of each TS, measured from these positions to the COOH terminus, is =20,000. Because the five proteases used in this study initially cleave TS-DHFR in the same region (V8 protease cleaves a second time in this area), this region most likely is exposed on the surface of the protein. Upon cleavage, TS-DHFR remains a dimer and does not dissociate into fragments, indicating that the bulk of inter-and intrasubunit forces are unaffected by proteolysis of this region. Given this model, an insertion is also likely to occur within the L. tropica TS, positioned at the surface of the protein, vulnerable to the action of endopeptidases, but not affecting overall subunit stability. It is not known whether these various insertions represent functional peptide, but we suggest two possibilities. First, these insertions might fold into a functional higher-order structure and enable TS to bind within a multienzyme complex; TS activity has been reported to be associated with such a complex in T4 phage-infected bacteria (30) and in mammalian cells (31) . Second, TS activity is exceedingly labile during preparation of crude extracts from L. tropica when protease inhibitors were omitted (5) . This important metabolic enzyme activity may be regulated in vivo through proteolysis, with these insertions providing a target for endopeptidases.
